Abstract-We present an optical model based on Green's function to investigate the effect of using Single Wall Carbon Nanotube (SWCNT) as anode for infrared quantum dot light emitting devices (IR QDLEDs). To the best of our knowledge there is no report in using SWCNT as anode in IR QD-LEDs. We have studied the emitted power distribution among the different optical modes (air, substrate, anode/organics, and surface plasmon modes (SP)), angular intensity distribution, and the emission spectral characteristics. We have found that the light outcoupling efficiency of IR QD-LEDs based on SWCNT as anode was increased nearly by a factor of 4 relative to that one based on indium-tin oxide (ITO). We also investigated the effect of using different cathode materials on the optical characteristics of IR QD-LEDs.
INTRODUCTION
Indium-tin oxide (ITO) has been dominantly used as transparent electrode for decades in flat panel displays, solar cells, organic light emitting diodes (OLED), and Quantum dot organic light emitting diodes (QD-LED), due to its excellent transparency and relatively high conductivity. ITO is a highly degenerate n-type semiconductor with a wide band gap semiconductor (E g : 3.5-4.7 eV) [1, 2] , and has a low electrical resistivity of 2−4×10 −4 Ω·cm. ITO shows good transmission in the visible and near-infrared (NIR) regions of the electromagnetic spectrum. Furthermore, ITO also has shown good efficiency for hole injection into organic materials.
However, ITO has several limitations for current and future generation LEDs.
It has limited chemical stability leading to diffusion of oxygen into proximate organic layers, relatively low work functions (∼ 4.7 eV), also, its increasingly expensive due to the limited worldwide production of indium which may soon find difficulty meeting the ever increasing demand for large-scale transparent conductive electrodes [2, 3] .
ITO is relatively brittle, which degrades its performance on flexible substrates [4] . Strong free-carrier absorption of infrared (IR) photons, which limits the device photo generated current in thin film photovoltaic (PV) devices [5] . Also, ITO shows high reflectivity in the IR region [6] , and only transmits 70% at 1500 nm [7] .
New transparent electrodes are needed in QD-LED to provide higher transmittance in the IR portions of the spectrum. In response to these limitations, SWCNTs have received increasing attention as ITO alternatives [2, 4] .
The SWCNT networks have a work function in the 4.7-5.2 eV range. Such high work function meets the requirement for anodes in several types of optoelectronic devices, such as OLED and organic solar cells. In addition, the nanotube films have large surface area due to the nanoporous structure which offer a potential for hole injection. Also, exceptional mechanical flexibility of SWCNT, the nanotube was repeatably deformable over 100% strain without causing a substantial change in conductance. Ordinary conductors cannot undergo nearly such large strains without losing electrical contact with the actuating material [2, 8] .
On the other hand, SWCNT film fabrication on a flexible substrate is relatively simple, while ITO deposition on flexible substrates requires vacuum and elaborate process equipment [2, 3] .
The SWCNT-based electrodes are highly conductive in thin layers, and optical measurements indicate superior optical transmission (> 80%) in the IR (wavelengths > 1200 nm) compared to traditional ITO, in addition to the absence of free-carrier absorption in that region [5] . These characteristic of SWCNT layer is a significant qualitative difference as compared to ITO. The SWCNT-based transparent electrodes have already been used in photovoltaic and OLEDs [2, 3, 5, 9] . However, to the best of our knowledge they have not been employed in IR QD-LEDs. Here we will study theoretically the effect of using SWCNT film as anode in comparison with ITO film on the optical characteristics of IR QD-LEDs.
The simulations presented in this work are based on the Poynting vector analytical expression developed by Celebi et al. [10] and followed our computations for the IR QD-LEDs [11] . Several other approaches for the simulation of OLEDs have been described in the literatures; for example, the radiative transfer approach which allows one to compute only the color [12] , Chance et al. [13] model which enables one to compute accurately the intensity, but only for simple device structures, Fermi's golden rule [14] which compute both the radiative and internal intensities, however, the validity of that approach is limited to lossless devices, and does not account for nonradiative losses to the metal electrodes or absorption, wave optics and transfer matrix formalism [15] , but they cannot be directly applied to OLEDs, because OLED uses a thick glass substrate, which results in computational difficulty, and the scheme described by Kahen [14] , is rigorous but not efficient, since the calculation involves the evaluation of the Sommerfeld-like integral which requires careful selection of the integration path, in addition, accurate computation of the far-field at a large viewing angle is inefficient due to the rapid oscillating nature of bessel function with the large argument. While the model presented here is straightforward model without numerical difficulties, and it takes into account the surface plasmon modes and absorption in different layers.
This article is organized as follows; the theoretical model is given in Section 2. The simulation results and the related discussion are presented in Section 3. Finally, conclusions are drawn in Section 4.
THEORY
he radiation field is described by constructing a Green's function for the multilayer medium containing the exciton and the total radiative energy is calculated by integrating the Poynting vector over the magnitude of the normalized in plane wavevector which varies from zero to infinite. Assuming that the QDs emitting layer contains the exciton radiators with random orientations, it can be decomposed into the vertical and horizontal exciton components. Therefore, we can compute the total radiation intensity by adding the vertical and horizontal exciton components. The vertical exciton power in each layer is given by [10] :
and for an exciton oriented horizontal, the power is:
where P V z,j , P H z,j are the vertical and horizontal exciton power at each layer, respectively. S V z , S H z are the Poynting vectors in the Z direction for vertical and horizontal exciton, respectively.
, h j and K are the amplitudes of the horizontal and vertical components of the propagation vector, k. ε j represents the complex dielectric constant, j is the layer index. ε 5 is the dielectric constant for QD layer (emission layer). u = K/k 5 is the normalized inplane wavevector at QD layer location. q is the intrinsic quantum yield of the QD emitting material. The coefficients T j , R j and T j , R j correspond to the upward and downward traveling eigenfunctions, respectively which are founded by applying boundary conditions that the tangential electric fields are continuous across the interface between layers and the radiation conditions. The exciton power transfer efficiency to an individual layer as a unitless percentage of the total power emitted is found by taking the difference of the magnitude of this flux found at both boundaries of the layer and then normalizing it tob V orb H . Whereb V is the normalized decay rate for oscillating exciton oriented vertical in infinite medium, which is given by [16] :
andb H is the normalized decay rate for oscillating exciton oriented horizontal in infinite medium, and given by:
The fraction of the generated power can be divided into four different optical modes: direct transmission into the air mode, the glass total internal reflection mode, anode/organic waveguided mode, and plasmon mode in terms of the wavenumber k o . Of this generated power, that fraction within the range 0 ≤ K ≤ 2πn air /λ corresponds to the external modes of the QD-LED structures capable of producing useful far filed radiation.
In the case of plane waves propagating through multilayers, an emitting angle θ air in the air region associated with K and wavevector k o = 2πn air /λ, according to the formula of k o sin θ air = K. The power in the K space can be transformed to a power in the real spatial space. The intensity angular distribution is related to the power P by
where P (K) is
3 P H zj for isotropic exciton power emitted in air as a function of K.
The device used in our calculation is depicted in Figure 1 , and consists of a glass substrate, (160 nm) ITO anode (Figure 1(a) )/ (160 nm) CNT anode (Figure 1 [17] , optical constants of ITO and Mg:Ag are taken from [18] and refractive index of SWCNT n, is taken the value of graphite [18, 19] . 
RESULTS AND DISCUSSIONS
We have investigated the effect of changing the position of the emitting exciton within the emission QD layer on the coupling strength to different optical modes and on outcoupling efficiency of the device. We have computed the distribution of emitted IR radiation at 1.5 µm from QD-LED as a function of the exciton position within the emitting layer. Here we considered the emitting QDs packed regularly with 5 nm diameter and center-to-center distance equal 5 nm. In addition, we assumed that the exciton (emission point) lie in the middle of every QD. Figures 2(a) and (b) and Table 1 show the distribution of light emission at 1. the metal cathode. If the emitting exciton is close to the cathode, most of the power is coupled into SP modes. On the other hand, for the device based on SWCNT anode there is a significant increase in the eternal emission and decrease in the anode/organics modes as compared to the device based on ITO anode. The increase in these modes leads to increasing outcoupling efficiency. The outcoupling efficiency of the device based on SWCNT anode improved more than 3.99 times relative to the device based on ITO anode. We attributed the improvement in the outcoupling efficiency to the superior IR transmission of CNT compared to ITO [5] , also the high refractive index of SWCNT (n ∼ 1.99 at 1.5 µm) which lower the mismatch with high refractive index PbSe QD (n ∼ 4.6) [20] . is not Lambertian and the light is stronger beaming in the forward direction which is consistent with the previously reported results for IR QD-LEDs [21, 22] . While for the device based on SWCNT anode the angular radiation profile is approximately Lambertian. We ascribed the non-Lambertian profile of the device based on ITO anode due to the large refractive index mismatch in the IR region between PbSe QD (n ∼ 4.6) and ITO (n ∼ 0.5). Also, the radiation intensity variation trend with anode type is consistent with the results in Table 1 .
In Figure 4 we show the effect of varying the anode layer thickness on the fraction of exciton emitted power coupled into the four optical modes. Clearly, the external mode is less affected by anode thickness variation for the device based on SWCNT, but for the device based on ITO anode the fractional of external mode is decreased with increasing the anode thickness. We ascribed this result to constancy of the SWCNT transmission with thickness in IR region [3] . The anode/organics and SP modes are less affected by the variation of the SWCNT thickness. But for the device based on ITO anode the effect of anode thickness variation on the anode/organics and SP modes is only remembered at very low anode thickness. We should bear in mind; the thickness of anode layer of the device not only affects the optical characteristics but also affects the electrical characteristics.
Figures 5(a) and (b) show the variation in the fraction of the power coupled to the four optical modes as a function of QD diameter for the two devices based on ITO and SWCNT as anodes, respectively. Obviously, at smaller QD sizes the external emission is higher for the device based on ITO relative to that one based on SWCNT anode. Conversely, at larger QD sizes the external emission for the device based on SWCNT becomes superior relative to the device based on ITO anode. We attributed this result to the increase of transmission coefficient for the SWCNT and decrease of transmission coefficient for ITO at higher wavelengths. We also note that the anode/organic modes are greatly suppressed when using SWCNT as anode. Our computations also showed that a considerable amount of radiation is trapped inside the glass substrate and in the SP modes in the case of SWCNT, but the improvement in the external modes are significant. Figure 6 shows the experimental measurements of the position of the first absorption peak versus the diameter of semiconductor Figure 6 . Diameter of semiconductor QDs versus the position of the first absorption peak. Data were taken from [7] . QD [7] . The figure demonstrates the wavelength tunability afforded by controlling the QD size (quantum confinement effect).
On other hand we have investigated the effect of replacing ITO anode by the SWCNT on the outcoupled emission intensity. The outcoupled emission intensity is calculated as in [11] . Figure 7 shows the calculated outcoupled emission spectra in the IR region for glass/ (160 nm) ITO/ (40 nm) α-NPD/(20 nm) PbSe QD/ (40 nm) Alq 3 / (50 nm) Mg:Ag/Ag and glass/ (160 nm) SWCNT/ (40 nm) α-NPD/ (20 nm) PbSe QD/(40 nm) Alq 3 / (50 nm) Mg:Ag/Ag devices. Clearly, the outcoupled power efficiency is significantly improved for the device based on the SWCNT anode more than 4 times relative to the device based on ITO anode. We also noted that there is a red-shift for the position of the emission peak when using SWCNT as anode instead of ITO anode. Mg:Ag/(50 nm) different cathodes, respectively. We have used Al, au, Mg/Ag and Ni for the cathode layer. The complex dielectric constants of these metals were obtained from [18] . We found that the outcoupled emission intensity is higher for Al and Au relative to Ni and Mg/Ag as cathode materials for the two devices. We attributed this result to the higher reflectivity of Al and Au relative to Ni and Mg/Ag cathodes. In general the outcoupled emission intensity for SWCNT-based devices with AL, Au, Mg/Ag and Ni cathode materials is higher than that for ITO-based devices with the same cathode materials. These results imply that a careful selection of cathode material will help in increasing the output intensity.
CONCLUSIONS
In conclusion, we have utilized a Green's function-based model to calculate the outcoupling efficiency of IR-QDLED using CNT anode. The calculations suggest that it is relatively simple to use CNT anode to increase the light outcoupling efficiency by a factor ∼ 4. So, CNT is an ideal choice for IR-QDLEDs. Also we have investigated the effect of metal cathode material types on the optical characteristics of IR QD-LEDs. We have found that the application of Al and Au as cathode materials is better than Mg/Ag and Ni as cathode materials from optical characteristics point view point, especially in the case of SWCNT anode.
